Multiple DNA polymerases are involved in the generation of somatic mutations during Ig gene hypermutation. Mice expressing a catalytically inactive REV1 (REV1AA) exhibit reduction of both C to G and G to C transversions and moderate decrease of A/T mutations, whereas DNA polymerase h (POLH) deficiency causes greatly reduced A/T mutations. To investigate whether REV1 and POLH interact genetically and functionally during Ig gene hypermutation, we established REV1AA Polh 2/2 mice and analyzed Ig gene hypermutation in the germinal center (GC) B cells. REV1AA Polh 2/2 mice were born at the expected ratio and developed normally with no apparent gross abnormalities. B-cell development, maturation, Ig gene class switch and the GC B-cell expansion were not affected in these mice. REV1AA Polh 2/2 B cells also exhibited relatively normal sensitivity to etoposide and ionizing radiation. Analysis of somatic mutations in the J H 4 intronic region revealed that REV1AA Polh 2/2 mice had a further decrease of overall mutation frequency compared with REV1AA or Polh 2/2 mice, indicating that the double deficiency additively affected the generation of mutations. Remarkably, REV1AA Polh 2/2 mice had nearly absent C to G and G to C transversions, suggesting that POLH is essential for the generation of residual C to G and G to C transversions observed in REV1AA mice. These results reveal genetic interactions between REV1 catalytic activity and POLH and identify an alternative pathway, mediated by non-catalytic REV1 and POLH, in the generation of C to G and G to C transversions.
Introduction
Ig gene hypermutation is initiated by the activation-induced cytidine deaminase (AID) (1) , which is thought to catalyze the deamination of cytosine (C) to uracil (U) and generates a U:G lesion on both strands of DNA (2, 3) . Mutations are generated during replication and repair of the AID-triggered U:G lesions. Accumulating evidence suggests that there are three major pathways for the generation of various types of base substitutions (4) (5) (6) (7) (8) . Firstly, direct replication of the U:G lesion can lead to C to T and G to A transitions (Ts) because U normally pairs with adenine (A). Secondly, the U:G lesion can be recognized by the base excision repair pathway that is initiated with the excision of U via the uracil DNA glycosylase. The resulting abasic site can be replicated by the lowfidelity DNA polymerases leading to both Ts and transversions (Tv) at C/G bases. Finally, U:G is also a mismatch and can be processed by a mismatch repair-like pathway, which curiously leads to mutations at A/T bases that are not targeted by AID.
In all the three mutagenic pathways described above, mutations are ultimately introduced by DNA polymerases. REV1 is a deoxycytidyl transferase that predominantly incorporates C opposite template G and abasic sites (9) (10) (11) (12) (13) . REV1 has been shown to interact with other Y-family polymerases, including POLH, POLK and POLI (13) (14) (15) , and to play a non-catalytic role in translesion DNA synthesis (16, 17) . REV1-null mice were reduced in body size and were infertile after backcrossing for two generations to C57BL/6 mice (18) . The mutant mice had almost no C to G and a moderate reduction of G to C Tv, consistent with the catalytic property of REV1 (18) . We have previously generated mice expressing a catalytically inactive REV1 (REV1AA) by targeted mutation of the highly conserved aspartate and glutamate residues in the polymerase domain (19) . In contrast to REV1-null mice, REV1AA mice displayed normal development and fertility in a pure C57BL/6 background. Interestingly, REV1AA mice exhibited a reduction of both C to G and G to C Tv (C/G Tv) and a moderate decrease of mutations of A/T to any base and of C to T and G to A Ts (19) . These observations suggest that REV1 catalytic activity is required for the generation of a portion of C/G Tv and also contribute to the generation of A/T mutations and C/G Ts.
DNA polymerase g (POLH) is a Y-family translesion polymerase capable of correctively bypassing UV-induced cyclobutane thymine dimers (20) and its deficiency causes the xeroderma pigmentosum variant, a genetically inherited disorder with high susceptibility to sunlight-induced skin cancers (21, 22) . POLH is error prone when replicating undamaged DNA and has an average base substitution error rate that is ;1000-fold higher than the high-fidelity replicative polymerases POL e and d (23) . Biochemical analysis using purified POLH protein revealed that mouse and human POLH most frequently misincorporate a G opposite a template T, followed by an A opposite a template A (23) . Deficiency of POLH in both mice and humans resulted in ;80% reduction of mutations at A/T bases in Ig genes (24) (25) (26) (27) (28) . Consistent with its biochemical property, POLH-deficient mice had severe reduction of A to G and T to C Ts and of A to T and T to A Tv, while the reduction of A to C and T to G Tv was moderate.
REV1 and POLH physically interact with each other through the C-termini of each protein (13) (14) (15) . To investigate the genetic and functional interactions between REV1 and POLH during Ig gene hypermutation, we established mice expressing a catalytically inactive REV1 and lacking POLH activity (REVAA Polh À/À ) by crossing REV1AA with POLH-deficient mice. We found that not all mutation patterns reflected an additive effect of the double deficiency. Specifically, C/G Tv were completely eliminated, demonstrating that the residual C/G Tv observed in REV1AA mice were generated by a POLH-dependent mechanism. POLH has been considered to be exclusively involved in A/T mutagenesis and our results reveal an unexpected role for POLH in the generation of C/G Tv.
Methods

Establishment of REV1AA Polh
À/À mice REV1AA mice were generated previously in a C57BL/6 background by using the Bruce4 embryonic stem cells (19) . Polh À/À mice were generated in a 129/C57BL/6 mixed background (29) and have been backcrossed with C57BL/6 mice for 12 generations. Although a partial fragment of POLH is expressed in these mice, the truncated POLH has no translesion DNA synthesis activity (29) and cannot interact with REV1 (14) . REV1AA homozygous mice were bred with Polh À/À mice to generate mice heterozygous for both alleles, which were further bred to obtain wild type (WT), Polh À/À , REV1AA and Polh À/À REV1AA mice, in addition to heterozygotes which were not used for this analysis. Mice were kept in specific pathogen-free conditions and all experiments were approved by the Animal Facility Committee of the RIKEN Yokohama Institute (Permission number 20-025).
FACS and class switch assay
Single cell suspensions of bone marrow, spleen and thymus were stained as described previously (19) . For the class switch recombination (CSR) assay, purified B cells (5 3 10 5 ml À1 ) were seeded in duplicate in 12-well plates in the presence of either LPS (10 lg ml
À1
) plus IL-4 (20 ng ml À1 ) or CD40 ligand (CD40L, 1/3 dilution and 2 lg ml À1 of antiCD8a) plus IL-4 (20 ng ml À1 ). Cells were harvested 3 days later and analyzed for B220 and IgG 1 expression by FACS.
Ig gene somatic hypermutation
Immunization of mice, sorting of germinal center (GC) B cells and analysis of Ig gene hypermutation were conducted exactly as described previously (19) . Briefly, two WT, four REV1AA and three REV1AA Polh À/À mice, at 9-10 weeks of age, were immunized with 100 lg of NP-CGG (4-hydroxy-3-nitrophenyl-acetyl coupled to chicken gammaglobulin) precipitated with alum. Two weeks later, 5 3 10 3 to 5 3 10 4 B220 + PNA high GC B cells were sorted from spleens of each mouse. Genomic DNA was isolated from sorted cells and the J H 4 intronic region was amplified with a forward primer J558Fr3 (5#-CAGCCTGACATCTGAGGACTCTGC-3#) and a reverse primer JHCHint (5#-CTCCACCAGACCTCTC-TAGACAGC-3#). PCR was carried out with the high-fidelity KOD plus polymerase (Toyobo, Japan) at 94°C for 5 min followed by 30 cycles at 94°C for 20 s and 68°C for 40 s. The KOD polymerase is a family B polymerase unable to bypass U (30, 31) . Therefore, any U that might be present in the DNA will not be converted to T during PCR, eliminating the possibility of artifactual PCR generation of C to T or G to A Ts. The PCR products were cloned into the pCR2.1 vector for sequencing and a 509-bp region was analyzed for mutations. Only unique sequences were analyzed in each mouse.
Sensitivity to DNA-damaging agents
Purified spleen B cells were seeded exactly as described in the class switch assay. Immediately after seeding, the cultures were treated with either etoposide addition or 137 Cs irradiation, each at the indicated doses, and cultured for 2 days. The cells were then stained with FITC-Annexin V and propidium iodide (PI) and the percentage of Annexin V À PI À live cells was determined by FACS.
Results
Normal lymphocyte development and maturation in REV1AA Polh À/À mice REV1AA Polh À/À mice were born at the expected ratio of genotype distribution and developed normally without any apparent gross abnormalities. FACS analysis of bone marrow cells revealed a normal representation of the B220 (Fig. 1A) . The proportions of CD23 high CD21 low follicular and CD23 low CD21
high marginal zone B cells were also equivalent between WT and REV1AA Polh À/À mice (Fig. 1B) . T-cell development in the thymus (Fig. 1C) and the mature T-cell population in the spleen (Fig. 1D) were normal in REV1AA Polh À/À mice. These results collectively indicate that the combined deficiency in the catalytic activity of REV1 and POLH did not have an obvious effect on B-or T-cell development and maturation.
Previous studies have shown that neither inactivation of REV1 catalytic activity nor absence of POLH affected CSR in B cells (19, 32) . We further investigated whether their combined deficiency might affect CSR. As shown in Fig. 2 Figure 1 is available at International Immunology Online), suggesting that B-cell activation and expansion in vivo were relatively unaffected in REV1AA Polh À/À mice. Polh À/À mice have been analyzed extensively under identical conditions to those described here and we used the data from a previous study (33) for comparison. For WT mice, we also included the data generated under the same conditions, but of a previous study (19) , allowing detailed analysis of each type of base substitution. As shown in Table 1 , REV1AA mice exhibited a reduction of the overall mutation frequency, consistent with our previous study (19) . REV1AA Polh À/À mice had a more severe reduction of mutation frequency compared with REV1AA or Polh À/À mice, suggesting that the double deficiency additively affected the generation of mutations. Curiously, 34 of the 109 mutated sequences in REV1AA Polh À/À mice contained the same base substitutions at four sites in addition to the unique mutations at other sites. Further analysis revealed that these 34 sequences utilized the same rearrangement of V H 186.2, DSP2.7 and J H 4 with identical V-D and D-J junctional sequences, suggesting that they originated from the same B cell. The reason for the frequent appearance of such sequences in all three REV1AA Polh À/À mice is unclear, particularly because mutations in this region do not affect the antibody specificity. In any case, mutations in these sequences do not seem to represent mutations independently generated in each B cell and were therefore excluded from the analysis of Ig gene hypermutation.
Frequency of each type of base substitutions
Analysis of the frequency of each possible base substitution revealed several intriguing features in REV1AA Polh À/À mice (Fig. 3) . REV1AA mice exhibited a moderate reduction of C/G Tv, indicating that REV1 catalytic activity is normally required for the generation of a portion of these mutations. However, REV1AA Polh À/À mice had absent C to G (P < 0.05, v 2 -test) and dramatically reduced G to C (P < 0.001, v 2 -test) substitutions compared with REV1AA mice (Fig. 3) . These observations indicate that POLH is essential for the generation of residual C/G Tv observed in REV1AA mice. REV1AA Polh À/À mice did not exhibit a further decrease of mutations at A/T as compared with Polh À/À mice (Fig. 3) . 
Role of POLH in C to G and G to C transversions 171
Normal sensitivity of REV1AA Polh À/À B cells to etoposide and c-irradiation REV1 is known to play a non-catalytic role in tolerance to various DNA damages. We have previously shown that REV1AA spleen B cells had normal sensitivity to methyl methanesulfonate, cisplatin and ultraviolet radiation. Here, we further compared the sensitivity of WT and REV1AA
Polh
À/À B cells to etoposide and c-irradiation. As shown in Fig. 4 , WT and REV1AA Polh À/À B cells showed similar sensitivity to etoposide. Sensitivity to c-irradiation was also quite similar between WT and REV1AA Polh À/À B cells, although cell survival was slightly decreased at 0.3 gray in REV1AA Polh À/À B cells stimulated with CD40L + IL-4. These results further support the notion that REV1 is involved in tolerance to DNA damage primarily through its non-catalytic function.
Discussion
The results of the present study reveal an alternative pathway for the generation of C/G Tv. This pathway is independent of REV1 catalytic activity but may require the non-catalytic structure of REV1, possibly as a scaffold, to generate C/G Tv in a POLH-dependent manner. Although REV1 is known to interact with Y-family polymerases including POLH, POLK and POLI, POLK and POLI apparently cannot cooperate with the catalytically inactive REV1 to generate C/G Tv when POLH is absent. Therefore, C/G Tv can be generated either by REV1 catalytic activity, which most likely inserts a C opposite an abasic site, or by cooperation of a catalytically inactive REV1 and POLH. POLH has been considered to be exclusively involved in the induction of A/T mutations but our results suggest that POLH can also contribute to the generation of C/G Tv. Our results reveal genetic interaction between REV1 and POLH and are in agreement with a recent report suggesting that the interaction of REV1 with POLH is required for switch from POLH to REV3 during the two-step bypass of DNA lesions in chicken DT40 cells (34) . Given that Polh À/À mice do not show an obvious decrease in C/G Tv, lack of this alternative pathway is likely compensated by the activity of WT REV1. It is also possible that the catalytically active REV1-mediated bypass of an abasic site represents a dominant pathway for C/G Tv and that the alternative pathway described here performs a backup function. It remains to be investigated how the functions of REV1, POLH and possibly other polymerases are coordinated to generate C/G Tv during Ig gene hypermutation.
We had previously shown (19) , and have confirmed in the present study, that REV1AA mice exhibited a moderate reduction of A/T mutations. Because generation of A/T mutations is largely dependent on POLH, we hypothesized that the catalytically inactive REV1 might be stuck at the site of DNA lesions thereby inhibiting the recruitment of POLH to the A/T mutagenesis pathway (19) . A similar decrease of A/T mutations in REV1AA Polh À/À mice and Polh À/À mice Data from a previous study (33) . This study (three mice).
supports our earlier hypothesis and suggests that the catalytically inactive REV1 suppressed the generation of A/T mutations predominantly through inhibiting the function of POLH.
Our results suggest that POLH, in collaboration with other polymerases, can contribute to the generation of a wider range of base substitutions which are not anticipated based on its biochemical properties solely obtained with in vitro studies. Likewise, the present and the previous (19) studies indicate that REV1, a deoxycytidyl transferase which biochemically catalyzes only the incorporation of C, can contribute to the generation of all types of base substitutions at A/T bases. Similarly, it has been shown that POLK cannot bypass UV adducts under in vitro conditions, but POLK-deficient embryonic fibroblasts exhibited increased UV sensitivity compared with WT cells (35) . Collectively, the low-fidelity polymerases can function beyond their biochemical properties as determined under in vitro conditions both during Ig gene hypermutation and in tolerance to general DNA damage, possibly through interactions with other polymerases and/or repair pathways. It is also intriguing that REV1AA (19) and REV1AA Polh À/À B cells (current study) showed relatively normal sensitivity to various DNA-damaging agents but nevertheless have defects in Ig gene hypermutation. These observations suggest that these polymerases participate in repair of exogenously induced DNA damage and in AIDtriggered U:G lesions through quite different mechanisms.
We had previously shown that the greatly reduced A/T mutations in Polh À/À mice resulted in altered patterns of amino acid substitutions in the complementarity-determining region 2 of V H 186.2 genes and affected antibody affinity maturation against the T-dependent antigen NP-CGG (33) . Therefore, induction of all types of mutations is important for efficient diversification of Ig genes and generation of high-affinity antibodies. REV1AA Polh À/À mice have reduced C/G mutations in addition to decreased A/T mutations and are expected to exhibit a more severe reduction in antibody affinity maturation compared with Polh À/À mice. It would be interesting to examine whether REV1AA Polh À/À mice have defects in host defense against bacterial and viral infections.
The present study reveals the existence of genetic and functional interactions between REV1 and POLH and identifies an unexpected role for POLH in the generation of C/G Tv. Further studies are required to completely understand how different polymerases interact, cooperate, compete and compensate with each other to efficiently generate each type of base substitution on both the upper and lower strands of Ig genes. Catalytically inactive polymerases likely retain their normal interaction with other polymerases and it Role of POLH in C to G and G to C transversions 173 would be informative to establish and analyze Ig gene hypermutation in mice deficient for the catalytic activity of multiple polymerases.
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